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Abstract 
 
This paper presents the results of the investigation on the seismic behaviour of an 
important historical masonry building, the “Ancien Hôpital de Sion”. The building is 
sited in the city of Sion, capital of the Canton of Valais, characterized by the highest 
seismic hazard in Switzerland. The complexity of the structure poses challenging 
questions in the evaluation of its behaviour, requiring the use of different assessment 
techniques. 
A detailed three-dimensional model of the building was developed through the 
applied element method (AEM), accounting for all possible failure mechanisms 
occurring in a masonry structure. The analysis of damage distributions allowed to 
identify the most vulnerable areas of the building and to obtain indications on the 
necessity of seismic strengthening. The effects of the level of connection offered by 
the timber floors was also investigated. The kinematic limit analysis was employed 
for the evaluation of the building’s capacity through possible overturning of the 
most vulnerable portions of masonry. The collapse mechanisms analysis was 
performed with both linear and non-linear approaches applying the capacity 
spectrum method. The numerical and the analytical results were finally compared in 
order to evidence the applicability of the procedure for the assessment of historical 
buildings. 
 
Keywords: seismic behaviour, historical constructions, timber floors, non-linear 
dynamic analysis, kinematic limit analysis, applied element method (AEM). 
 
1  Introduction 
 
The Ancien Hôpital de Sion is an important and representative Swiss historical 
masonry building listed in the Federal Inventory of Heritage Sites. The building is 
located in the city of Sion, capital of the Canton of Valais, the area characterized by 
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the highest seismic hazard in Switzerland. It is, therefore, necessary to assure 
adequate levels of protection and safety to this cultural heritage symbol. 
The paper reports the results of the assessment of the seismic vulnerability of this 
heritage structure characterised, as it is often in the case of historical constructions, 
by several challenging aspects, requiring the adoption of different approaches and 
methodologies in order to correctly describe its actual behaviour [1]. In general, both 
traditional simplified and recent detailed analysis techniques have been followed 
providing comparable results at different approximation levels. It is stressed that the 
different aspects of the particular behaviour of historical buildings can be caught 
following an integrated procedure in which the results of different method can be 
opportunely validated [2]. 
In the present study, a three-dimensional Applied Element (AEM) model of the 
whole structure was developed for non-linear dynamic analyses. The model is based 
on a discretization into small masonry elements connected with springs, through 
which it is possible to represent the non-linear material behaviour, the elements 
separation and contact [3, 4]. The AEM modelling approach was followed in order 
to simulate the actual behaviour of the building and to catch the eventual failure 
mechanisms of such a complex masonry structure. 
In addition, the possible local collapse mechanisms of the building were analysed 
by means of a kinematic limit analysis, which represents a very useful tool for the 
evaluation of the safety and collapse of structures composed by blocks reaching 
limit conditions. The vulnerability of the building is studied on the basis of the 
decomposition into rigid macro-elements, usually identified after the observation of 
typical seismic failure modes of existing masonry structures [5]. This approach 
constitutes a useful method particularly in case of buildings which do not present a 
box behaviour under seismic actions due to poor floors stiffness or connection 
between walls. In the following, both linear and non-linear approaches are applied 
and verification are carried out with the capacity spectrum method [6, 7]. 
 
2  Information about the structure 
 
The Ancien Hôpital de Sion was built on the site of the pre-existing hospital of St-
Jean, first mentioned in 1163. The existing building of the Ancien Hôpital was 
mainly due to the Jesuit father Ignace Schuler. The works were completed in 1781 
(Figure 1a) [8, 9].  
The building is an isolated masonry structure, as it can be seen from the aerial 
view reported in Figure 2a, composed by a central body and two external wings (the 
Aile Nord and the Aile Sud) connected at its extreme sides forming a C-shaped floor 
plan (see Figure 2b). The building is composed by three levels over the ground floor 
and in some areas of the structure it also reaches an underground level. The overall 
floor plan dimensions are 50 m x 42 m; the height of the ground and first level is 
3.60 m, while the height of the second level is 3.30 m.  
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 (a)           (b) 
 
Figure 1: Historical pictures of the main façade (a) and the chapel (b) of the Ancien 
Hôpital [8] 
 
The structure is roofed with a timber truss structure [10, 11], reaching a total 
height of 17 m. The central part of the main body of the Ancien Hôpital is occupied 
by a chapel (see Figure 1b) with a vaulted timber structure, surmounted by a tower 
with a total height of 26 m. The thickness of the masonry walls varies from about 1 
m at the lower level to about 0.8 m at the higher levels. 
 
     
(a) (b) 
 
Figure 2: Areal view of the building within the city’s historical centre (Source: Map 
data ©2015 Google) (a) and floor plan of the ground level [10] (b) 
 
In 2012 visual inspections and hole drillings were performed in the Northern 
wing with the aim to define the masonry typology, made with irregularly shaped 
stones, with quite good arrangement. The state of conservation of mortar joints was 
also good (Figure 3a). 
The slabs found in the structure are made with timber beams (approximatively 
squared cross-section), with a timber layer, a mortar layer and the pavement. An 
example is shown in Figure 3b. Some slabs have been object of ultrasonic in-situ 
testing for characterization of materials in 2012 [12, 13]. Three classes were 
identified (C18, C24 and C30, according to the European Norm EN338 [14]). The 
beams were mainly belonging to the class of strength C30, while some C24 class 
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beams were also found in the Southern wing and few C18 class in the Northern 
wing. The surveyed beams presented squared cross-sections of about 20 cm x 20 
cm, with interspacing of 45-50 cm and supported length of about 30 cm. 
 
 (a)       (b) 
 
Figure 3: Masonry typology found in the building (a) and bottom view of the slab’s 
structure (b) [12] 
 
3  Seismic input for the dynamic analysis 
 
A specific microzonation study is available for the site of the Ancien Hôpital [15], 
described by the response spectrum represented as a dashed line in Figure 4b. For 
the non-linear dynamic analysis of the building some records of seismic events 
respectful of the best fitting with the response spectrum were selected; one of these 
is reported in Figure 4a. The recorded ground motion is characterized by a PGA of 
0.224 g. The corresponding elastic response spectra in the X (N-S) and Y (E-W) 
directions for 5% damping are illustrated in Figure 4b. 
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Figure 4: Record ESD 198 (European Strong Motion Database, Montenegro 
Earthquake, MS = 7.1, PGA = 0.224g): recorded ground accelerations in X and Y 
directions (a) and elastic response spectra (ADRS format) for 5% damping (b) 
-2.5
-1.5
-0.5
0.5
1.5
2.5
0 5 10 15 20 25 30 35 40
A
cc
el
er
at
io
n 
[m
/s
2 ]
Time [s]
Component X
Component Y
5 
4  Numerical model of the building 
 
4.1 Applied Element strategy and material model for masonry 
 
The numerical model of the building was carried out following the Applied Element 
Method (AEM), which represents an alternative technique compared to the Finite 
Element Method. The advantages offered by the AEM are mainly associated to the 
capability to describe all the possible failure mechanisms occurring in a masonry 
building from one side, and to describe elements separations and large displacement 
during a non-linear dynamic analysis from the other [4, 13, 14]. Therefore, the 
model is divided in small elements connected through normal and shear springs, 
without creating common nodes. The use of springs allows to easily describe large 
displacements and elements progressive separation through successive failure of 
these springs [3].  
For the studied masonry building, a total number of five springs was used on each 
face of the elements. The size of the meshing was selected to avoid creating 
elements with large aspect ratios and was opportunely validated [19]. The model of 
the building is reported in Figure 5a, where the timber beams of the floors can be 
seen. The other layers composing the floors are also included in the model but not in 
the view. Two different element sizes for the masonry walls were considered in 
order to analyse the effect in the results: a refined mesh (element dimensions ≤ 0.4 
m) with two elements in the wall thickness and a large mesh division (element 
dimensions ≤ 0.8 m), with only one element in the wall thickness.  
 
 
 
 
 (a) (b) 
 
Figure 5: Three-dimensional model of the building with the view of timber beams 
(a) and constitutive models for masonry in tension/compression and shear (b) 
 
 The material’s characteristics are described through the springs’ properties, as 
reported in Table 1, used to calculate strains, stresses and failure criteria [15]. 
Masonry is modelled similarly to concrete, adopting the Maekawa compression 
model including unloading and reloading [20], shown in Figure 5b. The material is 
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assumed to crack when the major principal stress reaches the tensile strength. After 
cracking, stiffness of springs subjected to tension is set to zero. The relationship 
between shear stress and shear strain is assumed to remain linear till the cracking. 
Then, the shear stresses drop down as shown in Figure 5b. The level of drop of shear 
stresses depends on the aggregate interlock and friction at the crack surface. When 
the separation strain is reached, the adjacent elements are totally separated at the 
connecting face. In this case, all the springs are cut and, if the elements meet again 
during the analysis, they behave as two different rigid bodies in contact.  
 
Unit 
weight 
Young's 
modulus 
Shear 
modulus 
Tensile 
strength 
Compressive 
strength 
Separation 
strain 
Friction 
coefficient 
[kN/m3] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [−] [−] 
21 1500 700 0.25 3 0.1 0.8 
External damping 
ratio 
Normal contact 
stiffness factor 
Shear contact 
stiffness factor 
Contact spring unloading 
stiffness factor 
[−] [−] [−] [−] 
0 1·10-4 1·10-5 2 
 
Table 1: Mechanical parameters for masonry 
 
4.2 Synthesis of the results of the numerical analyses 
 
4.2.1 Modal analyses 
 
The first two modes of the building involve the vibration of the central tower in the 
two principal directions (see Figure 6a and 6b), also representing the most 
vulnerable part of the structure. The higher modes involve the lateral wings of the 
building. The modal shapes are the same in the case of the refined and large mesh 
division. The values of the periods for the first three modes are reported in Table 2. 
The differences when considering the refined mesh are negligible (lower than 3% 
for the first three modes) compared to the case of large mesh, confirming the 
reliability of the model with large mesh from the dynamical point of view. 
 
     
 (a) 1st Mode (b) 2nd Mode (c) 3rd Mode                      
 
Figure 6: Modal shapes of the building associated to the first three vibration modes 
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Mode Refined mesh Large mesh Δ [%] T [s] T [s] 
1 0.222 0.219 +1.4 
2 0.215 0.218 +1.5 
3 0.175 0.170 +2.7 
 
 
Table 2: Increments of the first three vibration periods obtained in the case of 
refined mesh compared to the case of the large mesh 
 
4.2.2 Non-linear dynamic analyses 
 
A non-linear dynamic analysis was firstly carried out considering the recorded time-
history reported in Figure 4. The analysis confirmed that the most vulnerable part of 
the structure is the central tower, which presented out-of-plane damages, while the 
rest of the building did not suffer high damages when subjected to this seismic 
registration. The most evident crack is located in the middle of the back wall of the 
Southern wing. 
In a second phase, a non-linear analysis was performed in order to evaluate a 
level of ground acceleration corresponding to higher damage conditions. The record 
considered in the first case was therefore amplified through the application of a 
factor of 2 to the acceleration ordinates, therefore obtaining a double value of PGA.  
 The damage distribution obtained in this second case is reported in Figure 7a, 
where the formation of several cracks and the overturning of portions of masonry 
can be noticed. The Southern wing suffered higher damage, with the connection 
between converging walls often lost. Severe damage was also obtained at the back 
of the central body of the buildings, involving the walls enclosing the staircases. In 
the Northern wing, instead, cracking was more distributed and mainly starting from 
the openings. 
 
   
 (a) (b) 
 
Figure 7: Damage distribution at the last time step (t = 40 s) in the case with (a) and 
without (b) timber slabs 
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For the same ground acceleration record amplified by 2, an analysis was carried 
out considering a model without slabs representing an extreme condition for the 
stiffness of the horizontal elements and for the connection between the vertical 
elements. The resulting damage distribution is illustrated in Figure 7b in comparison 
to the one obtained in the case with slabs, showing higher number of involved walls, 
evidencing the necessity of an adequate modelling of the floors and their influence 
in the seismic response of the structure 
In Figure 8, the damage distributions obtained from the model with large mesh 
division and the model with refined mesh division are reported, as an example, for 
the Eastern walls of the building. The comparison showed that the refined model is 
able to provide a very precise cracking distribution and a higher damage level, 
mainly due to the advantage of having a division higher than one in the direction of 
the wall’s thickness, but with a sensibly higher computational cost [19]. 
 
 (a) 
 
 (b) 
 
Figure 8: Cracking patterns at the last time step (t = 40 s) in the Eastern side walls: 
elements dimensions ≤ 0.4 m (a) and ≤ 0.8 m (b) 
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Figure 9: Period variations during non-linear dynamic analysis 
 
For the first three modes, Figure 9 shows the variation of the periods’ values for 
the two mesh divisions due to the damage progression during the non-linear 
analysis. The comparison showed that the periods associated to the refined mesh 
1st mode 
2nd mode 
3rd mode 
 N	  S	
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reduce more than in the case of the normal mesh for the higher time steps. 
Therefore, it was found that the model with refined mesh is more susceptible to 
present higher damage. 
 
5  Kinematic limit analysis of local collapse mechanisms 
 
5.1 Linear and non-linear approaches 
 
Masonry buildings are subjected to partial collapses during earthquakes, generally 
due to loss of equilibrium of masonry portions. Local mechanisms may involve 
single masonry panels or wider portions of the building and they are fostered by the 
poor or absent level of connection between the structural elements of the building, 
i.e. vertical walls and slabs. The verification of the safety with regards to such 
mechanisms can be carried out if the masonry portion can be assumed to behave 
monolithically, and specifically if local disaggregation of masonry is avoided. The 
verification of the local collapse mechanisms can be carried out by means of the 
limit equilibrium analysis according to a kinematic approach [5, 21, 22].  
The kinematic linear approach allows to define the value of the load multiplier, 
α0, connected to the horizontal force that the element is able to withstand, by 
applying the P.V.W. in terms of displacements (by equating the total work of the 
external and internal forces). The seismic spectral acceleration, a*0, can be obtained 
multiplying the horizontal load multiplier, α0, by the acceleration of gravity, g, and 
dividing by the fraction of mass participating to the mechanism, e*. In terms of 
acceleration, the safety of the structure against the considered collapse mechanism is 
satisfied if: 
 
 a*0 ≥ ag(SLU) (1) 
 
where ag(SLU) is the acceleration demand imposed by the earthquake calculated 
assuming a strength reduction factor equal to 2 [23]. 
The displacement capacity of the element according to the considered collapse 
mechanisms can be described though its capacity curve, obtained by means of the 
kinematic non-linear analysis. On the basis of the capacity curve describing to the 
considered collapse mechanism it is possible to define the spectral capacity curve 
(a* – d*) associated to the equivalent single d.o.f. system corresponding to the 
macro-element. 
The safety of the structure against the considered local mechanism is carried out 
through the comparison between the ultimate displacement capacity, represented by 
d*u (assumed as 40% of the spectral displacement, d*0, corresponding to a null value 
of a* [23]), and the displacement demand, Δd = SDe(Ts), obtained from the 
displacement spectrum for the secant period, Ts. The safety is satisfied if:   
  
 d*u ≥ Δd (2) 
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5.2 Verification of the mechanisms  
 
The local collapse mechanisms analysed for the structure of the Ancien Hôpital 
concern the overturning of the whole Southern façade of the building (Figure 10a), 
the South-Eastern corner (Figure 11a), the Southern corner of the building (Figure 
12a) and the central staircase wall (Figure 13a). 
The verification of the safety with respect to the different mechanisms was firstly 
carried out according to the kinematic linear approach. The results of the analysis 
are summarized in Table 3, where the horizontal load multiplied, α0, associated to 
each of the considered mechanisms are reported. In the table the spectral 
acceleration responsible for the activation of the mechanisms, a*0, associated to the 
equivalent single d.o.f. system is compared with the seismic demand in terms of 
acceleration, ag(SLU). The obtained safety factors, αeff, are higher than one apart from 
the case of the central staircase wall. It is specified that the calculation are carried 
out considering an importance factor, γI = 1.2, for the studied building. 
The verification of the mechanism has been carried out considering also the 
displacement capacity of the masonry macro-element through the kinematic non-
linear approach. Also in this case, the importance factor, γI = 1.2, was taken into 
account. The graphs reported in the Figures 10b–13b show the graphical comparison 
between seismic demand/capacity. The spectral capacity curve (a* – d*) of the 
overturning macro-element is compared to the seismic spectrum at the building’s 
site in ADSR format. In the graphs, the points corresponding to the ultimate spectral 
displacement d*u associated to the equivalent single d.o.f. system and the 
displacement demand Δd are indicated for a direct comparison. The red dots 
correspond to the displacement capacity and the performance points are all situated 
in the constant displacement branch of the response spectrum. In Table 4, the results 
of the verification for each of the considered mechanisms are summarized. As in the 
case of the linear approach, the safety factor is lower than one only in the case of the 
central staircase wall. 
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 (a) (b) 
Figure 10: Overturning of the Southern façade: (a) involved portion of masonry; (b) 
spectral capacity curve and safety verification 
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 (a) (b) 
Figure 11: Overturning of the South-Eastern corner: (a) involved portion of 
masonry; (b) spectral capacity curve and safety verification 
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 (a) (b) 
Figure 12: Overturning of the central staircase corner: (a) involved portion of 
masonry; (b) spectral capacity curve and safety verification 
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Figure 13: Overturning of the central staircase wall: (a) involved portion of 
masonry; (b) spectral capacity curve and safety verification 
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Mechanism 
Load 
multiplier 
Participant 
mass 
Fraction of 
part. mass 
Spectral 
accel. 
Seismic 
demand 
Safety 
factor 
α0  
[−] 
M*  
[kNs2/m] 
e*  
[−] 
a*0  
[m/s2] 
ag(SLU)  
[m/s2] 
αeff  
[−] 
Southern 
façade 0.10 624.71 0.77 1.21 1.01 1.20 
South-Eastern 
corner 0.17 56.19 0.96 1.73 1.01 1.72 
Central staircase 
corner 0.23 69.53 1.00 2.25 1.01 2.23 
Central staircase 
wall 0.08 44.53 1.00 0.76 1.01 0.75 
 
 
Table 3: Results of the analysis of local mechanisms through the kinematic linear 
(static) analysis 
 
 
 
Mechanism 
Spectral 
displ. 
Ultimate 
displ. 
Secant 
displ. 
Ultimate 
accel. 
Secant 
accel. 
Secant 
period 
Displ. 
demand 
Safety 
factor 
d*0  
[m] 
d*u  
[m] 
d*s  
[m] 
a*u  
[m/s2] 
a*s  
[m/s2] 
Ts  
[s] 
Δd(Ts)  
[m] 
αeff  
[−] 
Southern 
façade 0.75 0.30 0.12 0.72 1.01 2.16 0.17 1.75 
South-Eastern 
corner 1.26 0.51 0.20 1.04 1.46 2.34 0.17 2.97 
Central staircase 
corner 1.39 0.56 0.22 1.35 1.89 2.15 0.17 3.26 
Central staircase 
wall 0.40 0.16 0.06 0.45 0.64 1.99 0.17 0.94 
 
 
Table 4: Results of the analysis of local mechanisms through the kinematic          
non-linear (displacement) analysis 
 
In general, the approach based on the displacement provided always higher 
values for the safety factor compared to the linear approach and was found more 
realistic also considering the results from the numerical model. 
 
5.3 Summary and comparison of safety coefficients  
 
The results from the analysis of the local mechanisms described in the previous 
sections are summarized in Table 5. The safety coefficients associated to each 
considered mechanism are reported both for the linear and the non-linear kinematic 
approaches. In the verifications, an importance factor γI = 1.2 was assumed. For 
reference, the calculations were carried out for an importance factor γI = 1, as 
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reported in the same table. For all the considered mechanisms, the safety factors 
provided by the linear analysis are lower than the safety factors obtained through the 
non-linear analysis.  
 
 
Mechanism 
Importance factor γI = 1.2 Importance factor γI = 1 
αeff [−] αeff [−] 
Linear  
analysis 
Non-linear  
analysis 
Linear  
analysis 
Non-linear  
analysis 
Southern  
façade 1.20 1.75 1.44 2.10 
South-Eastern  
corner 1.72 2.97 2.06 3.56 
Central staircase  
corner 2.23 3.26 2.68 3.92 
Central staircase  
wall 0.75 0.94 0.90 1.13 
 
Table 5: Summary of safety factors from the analysis of local mechanisms 
 
The safety factors are generally higher than one, except for the case of the central 
staircase wall at the back of the building where values lower than one or slightly 
higher (1.13 in case of non-linear analysis with γI = 1) were found. 
Considering γI = 1, for the local mechanism involving the South-Eastern corner 
safety factor of about 2 was obtained from the linear analysis, and more than 3 from 
the non-linear analysis. Considering the results from the model, the analysis with the 
accelerogram amplified by 2 produced some cracking passing along the opening at 
this corner, though without causing the overturning of this portion of masonry. 
For the mechanism associated to the masonry corner at the central staircase 
location, safety factors higher than 2 where obtained (2.68 and 3.92 for the linear 
and non-linear approaches respectively, considering γI = 1). The results from the 
numerical modelling showed that this area of the building suffer major damaging for 
the seismic registration amplified by 2, causing the collapse of the walls converging 
in the corner around the staircase. However, the walls forming the corner seemed to 
separate from the rest of the building during the application of the acceleration time 
history. A vertical crack also forms between the walls connected in the corner before 
the overturning of the whole portion of masonry. The safety coefficients associated 
to a single wall are 0.9 from the linear approach and 1.13 from the non-linear 
approach, indicating the possible overturning of the wall for an action slightly higher 
than 1 (non-amplified registration). In this case, considering the results from the 
model run with a seismic registration amplified by 2, the results from the analysis of 
the local mechanism seem to be too conservative. 
 
 
14 
6  Conclusions 
 
The study of the seismic safety of the Ancien Hôpital de Sion was carried out 
through different assessment methods. The results of the non-linear dynamic 
analyses performed on the AEM model and the study of the main local collapse 
mechanisms led to the identification of the most vulnerable parts of the structure. 
 The building, initially subjected to a recorded acceleration time history close to 
the response spectrum at the site, was able to stand quite well the seismic action 
suffering minor cracking, with the exception of the central tower. This part of the 
structure turned out to be quite vulnerable and will be the object of deeper 
investigations in the next future. 
Due to its historical value, the safety of this structure was studied also 
considering seismic actions with higher return period. Therefore, the building was 
subjected to an acceleration time history amplified by a factor of two. A more 
significant damage was observed in the area of the Southern wing and in the walls 
enclosing the staircases, where wall’s separation occurred at the corners. 
The safety factors provided by the collapse mechanisms analysis are higher than 
one except for the case of the central staircase wall at the back of the building. In 
comparison, the model subjected to the non-amplified seismic registration, showed a 
diffuse cracking in the area of this wall, but without reaching its out-of-plane failure. 
Therefore, in this case the application of the mechanisms analysis is more 
conservative, particularly in the linear approach. 
For the Southern façade and the South-Eastern corner, the results of the 
numerical analyses are intermediate between the results given by the linear and the 
non-linear approaches. The model showed severe cracking and disconnection of 
masonry at the corners, but without complete overturning of the walls. Therefore, 
also in this case the application of the linear approach resulted to be more 
conservative than the non-linear approach, which was found more realistic. 
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